Abstracr-For a cellular communication network, the loss in up-link bandwidth-efficiency resulting from power equalization is considered. Here power equalization refers to the operation of adjusting the transmit power of mobile units in such a way that the received power is the same for all units, whereas bandwidth-efficiency is measured in terms of sum-rate per cell divided by the total system bandwidth. A single-cell system is considered first, and the bandwidth efficiency is determined with and without power equalization as well as with and without shadowing. The analysis is then extended to multi-cell-systems. It is found that in all cases power equalization severely penalizes the bandwidth-efficiency.
I. INTRODUCTION
The main point of this paper is that power equalization should be avoided (when possible) in up-link cellular communications, where by power equalization we mean the action taken by mobile transmitters to ensure that all signals are received with the same intensity.' We come to this conclusion by looking at the sum-rate achievable under various scenarios, including a multi-cell system in which shadowing is taken into account. In all cases, we find that having the transmit-power uniformly distributed over each cell brings a significant increase in sum-rate with respect to the power distribution resulting from power equalization.
We look at the sum-rate since any rate tuple inside the capacity region of a multiple-access channel can be achieved by means of interference cancellation (see [I] for the Gaussian case, [2] for an outline regarding its extension to fading channels when the receiver knows the fading state, [3] for general memoryless multiple-access channels, and [4] for fading channels with fading state known at transmitter and receiver). With interference cancellation here we do not just mean decoding a user, estimating its contribution at the receiver, acd subtracting its contribution from the received signal (which can be done with fading channels only if the receiver knows the channel impulse response): since interference cancellation is a technique rooted in the chain rule of mutual information (see [5, p.3961 and [3] ), it applies also to abstract channels as described in information theory for which the operation of taking the difference between channel outputs is not even defined.
This clarifies two misconceptions. The first misconception is that power equalization is beneficial in cellular communications in general. Power equalization is needed to combat the so-called near-far problem of direct-sequence spread-spectrum multipleaccess (SSMA) (see e.g. the IS-95 standard) with matched-filter We introduce the term power equulizntion as opposed to power cunfrol since the latter is also widely used to refer to the action of controlling the power at the transmitter so as to optimize some objective function such as the mutual information of the resulting channel. detectors. Possibly as a consequence of the success of IS-95, some believe that power equalization is a beneficial feature in general.* The second misconception is a consequence of the first. It is sometimes claimed that interference cancellation does not bring much if one considers a cell cluster (as opposed to a single cell in isolation). Indeed, as shown in [6] , the gain due to interference cancellation (as opposed to decoding each user independently considering other users as noise) becomes marginal if one assumes power equalization. The assumption of power equalization is critical in [6] . Our paper, which generalizes [7] to account for shadowing effects, shows that interference cancellation brings a significant gain without power equalization (see Fig. 4 ).
The paper is organized as follows. In Section I1 we consider a single cell in isolation and compute and compare bandwidth efficiencies with and without power equalization. The bandwidth efficiency is defined as the sum-rate per cell divided by the system bandwidth. For the system without power equalization we compute the bandwidth efficiency with and without considering shadowing effects. In Section 111 we extend the results of Section 2 to multi-cell systems. Section IV contains concluding remarks.
SINGLE-CELL SYSTEM
We first evaluate the bandwidth efficiency for an isolated cell with and without power equalization. The latter is studied with and without shadowing.
The cell is depicted in Figure I with a base station at its center. Assume that there are A4 transmitters scattered in the shaded region A of area IAl. The inner and outer radii of the region of interest are Ri and R,, respectively.
2Some sort of power control may be needed due to the limitations of today's electronic, but this is a different story.
A. WITH POWER EQUALIZATION
Power equalization is typically used to eliminate the wellknown near-far problem associated to spread-spectrum multipleaccess (SSMA) (see e.g. [SI). The output power of each user is adjusted so that all users are received at the base station with the same power.
Let C denote the maximum sum-rate that can be achieved by a multiple-access system. Let W be the system bandwidth. We define the bandwidth efficiency of the system as the ratio C / W . The bandwidth efficiency of a single-cell system with power equalization can be derived as follows. Let P L be the received power for a single user where P is the transmit power and L the propagation loss. Due to power equalization, each one of the M users in the cell will be received with the same power PL. Hence, the total received power at the base station is When shadowing effects are not considered, a mobile experiences the largest propagation loss at the cell boundary. Assuming the standard fourth power propagation loss [SI,
where G is a constant antenna gain. Hence,
PT, = M P L .
(1)
Given the total received power PT, , the bandwidth efficiency of a system with power equalization is given by [5, Section 14.3.61
where No is the single-sided power spectrum density of the background noise. As pointed out in the introduction, the bandwidth efficiency in (3) can be achieved with interference cancellation. This is true regardless of individual rates, provided that the rate tuple R = ( R I , . . . , R M ) lies inside the capacity region.
For the single-cell SSMA system that decodes each user while treating all other users as noise, the noise seen by each user is
The right side of both equation (3) and (4) increase monotonically with M . However, as shown in Figure 2 , the former inc r e a m without bound whereas the latter saturates at
B. WITHOUT POWER EQUALIZATIONAND WITHOUT SHAD-OWING
Power equalization is necessary for SSMA systems with matched filter detectors but not for an interference cancellation (IC) receiver. Without power equalization each user can transmit signals with its maximum power. In the rest of this section we assume that all users transmit with the same maximum power P .
Let user i, 0 < i _< M , be at some location ri in the shaded region of Figure 1 . We assume that ri, 0 < i 5 M , are mutually independent random variables with probability density function pi(r) on A . Then Pr{ri E B} = pi(r) dr.
Let r(ri) denote the distance from user i to his base station. Assuming fourth order path loss (and no shadowing), the path loss of user i is proportional to (r(ri))-". To model the fact that user i does not transmit all the time, we use a random variable $i E (0, l } , with ai = Pr{$i = 13, where $i = 1 signifies that user i is transmitting.
The power received at the base station from user i at location ri is given by (6) The sum power at the base station is given by
The bandwidth efficiency of a system without power equalization and with interference cancellation is given by
W C/W is a random variable since it is a function of a random variable PT. One could in principle evaluate (9) ing number M of users which scale their power so that the sum power is PT for every M , then we can invoke the law of large numbers which tells us that PT converges to E [PT] as the number of users M becomes sufficiently large. Therefore (With probability 1). The expected value of Pi in (6) is
where we used the fact that $i and ~i are independent. If pi(r) = l/lAl, fori = 1,2,. . . , M , i.e., users are uniformly distributed in the area A, we can further simplify (1 1) as
Using (1 1) For simplicity assume that ai = 1 for all i, i.e., all the users transmit all the time. From (1 3) we have Hence, where q = R,/Ri is the ratio between the outer and inner radii of the cell, and PT, , defined in (2), is the total received power of a system using power equalization and not considering shadowing effect.
Substituting E[PT] = 1.47 q2 PT, into (lo), we obtain (g) -+ log (1 + g) = log (1 + 1 . 4 7~~-pTc ) (17) No w which holds for a single-cell system without power equalization, with interference cancellation, and without considering shadowing. The bandwidth efficiency in (17) is plotted in Figure 2 .
Again we invoke the law of large numbers. Since the voice activity I , & is independent of the user's location,
= GPQi L P i ( r i ) (lw q(tlri) 10</10 d<) ( r ( r i ) ) -4~
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where q(tlr) is the probability density function of ((r) given r.
When users are uniformly distributed in the area A, we have p;(r) = l/JAl, for i = 1,2, * . * , M . Also, q(Elr) is independent of r. Hence is a zero-mean Gaussian random variable of standard deviation
As a function of r, c(r) is a random process. Based on the experimental evidence that blockage statistics vary quite rapidly in all directions, we follow the approach used in [9] and take the spatial autocorrelation functions of [(r) to be extremely narrow in all directions. That is, we assume
Where S(r -r') = 0 if r # r' and 1 otherwise. This also makes the random process ((r) wide-sense stationary.
From (19) we derive the expected value of the total average received power at the base station with M users uniformly distributed over the area A as = p e B 2 j 2 L ( r ( r ) ) -" dr. . RZR; .
(26) Except for the difference in path loss, the following derivations the received power from user i at location ri is given by and the total power received at the base station from all users is Substituting p in (1 5) into (26) we have
4 n J ; j + 1 8 g e q2 PT, = 1.47eB2I2 q2 P~~( 2 7 )
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where r] = R,/Ri and PT, is defined in (2). Substituting E [PT] in (27) into (10) we obtain ($) +log (1 + g) =log (1 + (28) which holds for a single-cell system without power equalization, with interference cancellation, and with shadowing effects. Figure 2 shows the bandwidth efficiencies of the single-cell systems that we have studied in this section. The four plots in the figures are the bandwidth efficiencies of the SSMA system (Eqn. (5) ), the system with power equalization (Eqn. (3) ), the system without power equalization without considering shadowing (Eqn. (17)), and the system without power equalization but with shadowing (Eqn. (28)). From this figure we see that the bandwidth efficiency of a single-cell system can be significantly improved if we do not require power equalization. This improvement is due to the fact that a mobile user with a strong path to the base station can transmit information at a higher rate instead of reducing its power.
MULTI-CELL SYSTEM
The aim of this section is to extend the analysis of the previous section to a multi-cell system. For space reasons here we only report the setup and the results. A full paper version can be requested by the authors.
Again, we study bandwidth efficiencies of systems a) with power equalization, b) without power equalization and without considering shadowing effects, and c) without power equalization but with shadowing.
We consider the multi-cell system that consists of an infinite number of hexagonal cells in a two-dimensional plane (see Figure. 3) . Each cell and its base station located at the cell center are indexed by an integer k, k = 0, 1,2,. 1 .. The radius of each hexagonal cell is R,. Without loss of generality, we consider the bandwidth efficiency of cell 0. Let D be a ring region in the twodimensional plane (see the shaded region in Figure 3) . The center of the ring is base station 0. Its inner boundary is a hexagon with radius Ri, and the radius of its outer boundary is chosen sufficiently large (for instance, larger than 10 E,,). Assume that there are M users scattered in D. Each user is indexed by the integer i, i = 1,2, . . . , M , and the location of user i in D is denoted by the vector ri. We assume that the locations ri are mutually independent random variables with identical distributions.
In the multi-cell system, we assume that a user always communicates with its electronically closest base station. That is, a user belongs to the cell whose base station receives this user with the strongest signal.
The results are shown in Figure 4 where we plotted the bandwidth efficiencies of multi-cell systems as functions of the ratio 11. The four plots in the figure represent the bandwidth efficiencies of an SSMA system, a system with power equalization and interference cancellation, a system without power equalization and without considering shadowing, and a system without power equalization but with shadowing. Also in this case we see that without power equalization, significant improvement in bandwidth efficiency can be obtained with and without shadowing.
IV. CONCLUSION
We have extended [7] to take into account shadowing. Also in the presence of shadowing, when the number of users is sufficiently large, there is a significant gap between the bandwidth efficiency of a cellular system that forces power equalization and one that does not. The latter is better and the improvement is mainly due to the fact that a mobile user with a strong path to the base station can transmit information at a higher rate instead of reducing its power. Such users are typically close to the base station and contribute little to the interference of other cells.
Power equalization is needed in spread spectrum multiple access with conventional matched filter detectors but it is not needed in general. In particular, interference cancellation does not require power equalization. Hence, interference cancellation is capable of significantly increasing the spectral efficiency of a cellular system. The opposite conclusion was obtained in [6] where power equalization was assumed. 
